Chick-embryo cells, transformed with Rous sarcoma virus, show enhanced rates of sugar transport and glycolysis. Determination of intracellular concentrations of glycolytic intermediates suggests that the enhanced glycolytic flux is due to-increased activities of hexokinase (ATP:D-hexose 6-phosphotransferase-EC 2.7.-1.1), phosphofructokinase, (ATP: D-fructose-l-phosphate 6-phosphotransferase, EC 2.7.1.56), and pyruvate kinase (ATP: pyruvate 2-0-phosphotransferase, f:C 2.7.1.40), and not directly to the increased glucose transport. This conclusion is supported by the finding that the intracellular concentration of free glucose is decreased, rather than increased, in the transformed cells. The present observations suggest that the increased glycolytic flux is related to an increased rate of phosphorylation of glucose, and that hexokinase in the transformed cells is at least partly released from its normal control mechanism involving feedback inhibition by glucose-6-P.
A marked increase in the rate of sugar uptake has been reported for chick-embryo cells transformed by Rous sarcoma virus (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . This increased transport of glucose is an early event in transformation (8) and may be related to the increased glycolytic flux that has been reported in transformed cells (3, (12) (13) (14) (15) (16) (17) . In order to determine the relationship between this increased glycolytic flux and the enhanced sugar transport, and to identify the metabolic step(s) affected by transformation, we have examined the changes in activities of key glycolytic enzymes and also the changes in the levels of glycolytic intermediates. The studies on enzyme levels, reported elsewhere (18) , have established that the activities of hexokinase, phosphofructokinase, and pyruvate kinase, the rate-limiting enzymes of glycolysis, are increased severalfold soon after infection of chick embryo cells with the Schmidt-Ruppin strain of Rous sarcoma virus. That these changes are associated with transformation rather than with virus infection was established by experiments with a temperature-sensitive mutant (Ts-68); infection with this mutant at the non-permissive temperatures, where the cells are not transformed, did not affect the levels of the rate-limiting enzymes (18) .
In order to confirm that these increases in enzyme activities are indeed related to the increased glycolytic flux in vivo, we have now examined the changes in intracellular levels of glycolytic intermediates. The increases and decreases in the levels of these intermediates determine the crossover points, which are the most reliable indicators of the in vivo sites of metabolic regulation (19 Before undertaking the measurements of intracellular concentrations of substrates, it was necessary to confirm that our conditions of infection caused the usual increases in sugar uptake and glycolytic flux. We found that infection with Rous sarcoma virus increased the rate of uptake of 2-deoxyglucose by nearly 6-fold, and that of 3-O-methylglucose by more than 2-fold (Table 1) . Similarly, the rate of lactic acid production, which was linear for at least 1 hr, was nearly three times greater in the transformed cells ( Table 2 ). The yield of CO2 was relatively low and was similar in uninfected and transformed cells, but the total yield of anions from glucose, including lactate, pyruvate, phosphorylated intermediates, and intermediates of the citric acid cycle, was more than doubled in the transformed cells. (Table 3) . Transformation was found to decrease the intracellular steady-state levels of glucose, 2-P-glycerate, and P-enolpyruvate, with concomitant increases in the levels of hexose monophosphates, fructose-1,6-P2, triose-P and pyruvate (Table 3 ). The significance of the results is Tost apparent from the crossover plot, in which the levels of the glycolytic intermeidates in the transformed cells are expressed as the percent of the corresponding values from the normal cells ( Table 3 were used to construct the plot. Glc, glucose; G-6-P, glucose-6-P; F-6-P, fructose-6-P; F-1,6-P2, fructose-1,6-P2; TP, triose-P; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; Pyr, pyruvate. * The medium from four-day-old growing secondary cell cultures (see Methods) in tissue culture Falcon plastic flasks (surface area 75 cm2) was removed by aspiration and the cells were washed twice with prewarmed (370) phosphate-buffered saline. Ten ml of the buffered saline containing 10 y mol (10 uCi) of n-[U-'4Ciglucose (New England Nuclear Corp.) were added to each flask. The flasks were closed with rubber stoppers, provided with a double-seal septum for air-tight closing and with a polypropylene center well (Kontes Glass Corp., New Jersey) inserted in the center. After incubation at 370 for 30 min, the reaction was stopped by injecting 0.3 ml of 70% HC104 into the medium followed by injection of 0.2 ml of a strong base (0.5 M Protosol, New England Nuclear Corp.), into the center well. After 60 min the polypropylene wells were transferred directly to the scintillation vials containing Aquasol (New England Nuclear Corp.) for counting. The cells and medium were quantitatively removed and homogenized together. After cooling in crushed ice for 1 hr, the homogenate was centrifuged at 1200 X g for 15 min. The acid-insoluble material was dissolved 0.1 N NaOH solution and used for protein estimation (20 (Table 4 ). The "energy charge" (31) , calculated from these data was not significantly altered. The concentration of Pi was increased by about 30% in the transformed cells.
DISCUSSION
The results reported here and in the previous communication (18) suggest that the increased glycolytic flux in chick-embryo cells transformed by Rous sarcoma virus is not due to the increased rate of sugar transport, but rather to the enhanced activities of the key enzymes that constitute the control points in the glycolysis. Thus, we observed marked increases in the steady-state levels of glucose-6-P, fructose-6-P, fruc- * Cells were grown and infected as described under Methods. The medium was removed by aspiration and the cells were quickly washed two times with chilled glucose-free Hanks' balanced salt solution, the entire process taking less than 15 sec. Cells were immediately frozen by dipping the plate in ethanol-dry ice and the plates were placed over crushed ice. Two milliliters of prechilled 0.5 N HC1O4 was quickly layered over the frozen cells and the cells removed with a rubber policeman. In order to conserve volume, the suspension from one dish was used for removing cells from the next. The cell suspension was homogenized and after keeping in ice for about 30 min, the whole homogenate was centrifuged in the cold. The pellet was dissolved in NaOH solution and used for estimation of protein (20) . The supernatant solution was neutralized (pH 7-8) with KOH solution, kept in ice for 1 hr, and centrifuged. The clear supernatant solution was stored frozen at -750 until required for the analyses, which were completed within 12 hr.
t Spectrophotometric procedures were employed for glucose (25) , fructose-1,6-P2 and triose-P (26), 2-P-glycerate (27) , Penolpyruvate (28) , and pyruvate (29) . Glucose-6-P and fructose-6-P were estimated fluorometrically (25) . Immidazole buffer, pH 7.0, was used for the estimation of fructose-1,6-P2 and triose-P as recommended by Lowry et al. (27) .
tose-6-P2, triose-P and pyruvate, and concomitant decreases in the intracellular levels of free glucose, 2-P-glycerate and P-enolpyruvate. The crossover plot, which clearly indicates that the rates of the reactions catalyzed by hexokinase and pyruvate kinase are enhanced in the transformed cells, is consistent with the previously reported increases in' the intracellular levels of these enzymes (18) . Although we did not observe a clear-cut crossover, in the classical sense, at the step catalyzed by phosphofructokinase, the large increase in concentration of fructose bisphosphate suggests an increased intracellular activity of this enzyme as well (18) .
Apparently, the key to the increased glycolytic flux is the enhanced rate of phosphorylation of glucose, which occurs in the face of a 2-fold increase in the intracellular concentrations of glucose-6-P. The large increases in concentrations of all these phosphorylated hexose intermediates suggests, that in the transformed cells, hexokinase is not affected by the high concentrations of glucose-6-P, which would be expected to inhibit its activity (23, 32, 33) . The fact that in the transformed cells hexokinase is present almost entirely as the particulate form of the enzyme (18) , which may be less susceptible to allosteric regulation by glucose-6-P (34-39), may explain its apparent insensitivity to glucose-6-P inhibition in (31) . N-S, not significant.
nature of the bound hexokinase found in the transformed cells.
Although the rate of sugar uptake is increased in the transformed cells, the steady-state concentration of intracellular free glucose is decreased, presumably due to the increased rate of phosphorylation. Evidence that phosphorylation plays a role in glucose uptake derives from the fact that the rate of uptake of 3-0-methylglucose, which is not phosphorylated (40) (41) (42) , is increased by only 2-fold, compared to an increase of 6-fold in the rate of uptake of 2-deoxyglucose, which accumulates in the cell largely as the phosphate ester (4, 40, (43) (44) (45) .
Although sugar uptake is significantly enhanced in transformed cells, suggesting that transformation is associated with modification of the plasma membrane (3, 4) , this enhanced sugar uptake is evidently not the driving force for the increased glycolytic flux. The increased glycolysis can be interpreted in terms of the same regulatory mechanisms that have been proposed to account for the Pasteur effect in normal cells, with the reactions catalyzed by hexokinase and phosphofructokinase as the key control points (46, 47) .
